Zagorodnyuk VP, Kyloh M, Brookes SJ, Nicholas SJ, Spencer NJ. Firing patterns and functional roles of different classes of spinal afferents in rectal nerves during colonic migrating motor complexes in mouse colon. Am J Physiol Gastrointest Liver Physiol 303: G404 -G411, 2012. First published May 24, 2012; doi:10.1152/ajpgi.00047.2012.-The functional role of the different classes of visceral afferents that innervate the large intestine is poorly understood. Recent evidence suggests that low-threshold, wide-dynamic-range rectal afferents play an important role in the detection and transmission of visceral pain induced by noxious colorectal distension in mice. However, it is not clear which classes of spinal afferents are activated during naturally occurring colonic motor patterns or during intense contractions of the gut smooth muscle. We developed an in vitro colorectum preparation to test how the major classes of rectal afferents are activated during spontaneous colonic migrating motor complex (CMMC) or pharmacologically induced contraction. During CMMCs, circular muscle contractions increased firing in low-threshold, wide-dynamic-range muscular afferents and muscular-mucosal afferents, which generated a mean firing rate of 1.53 Ϯ 0.23 Hz (n ϭ 8) under isotonic conditions and 2.52 Ϯ 0.36 Hz (n ϭ 17) under isometric conditions. These low-threshold rectal afferents were reliably activated by low levels of circumferential stretch induced by increases in length (1-2 mm) or load (1-3 g). In a small proportion of cases (5 of 34 units), some low-threshold muscular and muscular-mucosal afferents decreased their firing rate during the peak of the CMMC contractions. Highthreshold afferents were never activated during spontaneous CMMC contractions or tonic contractions induced by bethanechol (100 M). High-threshold rectal afferents were only activated by intense levels of circumferential stretch (10 -20 g). These results show that, in the rectal nerves of mice, low-threshold, wide-dynamic-range muscular and muscular-mucosal afferents are excited during contraction of the circular muscle that occurs during spontaneous CMMCs. No activation of high-threshold rectal afferents was detected during CMMCs or intense contractile activity in naïve mouse colorectum. visceral afferent; stretch; colorectum; pain SPINAL AFFERENT NEURONS INNERVATING visceral organs play a major role in transducing noxious stimuli that give rise to painful sensations (5, 8, 12, 14, 26, 27, 30) . In the mouse colon, five major classes of spinal afferent neuron have been recently characterized. These include serosal, mucosal, muscular, muscular-mucosal, and mesenteric afferents, each of which responds to specific modalities of stimuli that include mucosal stroking, probing, and circumferential stretch (1, 2, 30). Spinal afferents to the large intestine originate in two major extrinsic nerve pathways, traveling via the lumbar splanchnic/colonic and pelvic/rectal nerves. Evidence suggests that the rectal/ pelvic nerve pathway plays the major role in transmission of pain following noxious distension of the terminal colon/rectum (14). Selective lesions of the lumbar colonic or hypogastric nerves were without effect on the visceromotor responses (VMRs) evoked by noxious colorectal distension. However, selective lesions to rectal nerves abolished the VMRs, whether or not hypogastric or lumbar splanchnic afferents were severed (14). This provided evidence that the detection of noxious colorectal distension in naïve animals is predominantly mediated via the rectal/pelvic nerve pathway to the spinal cord.
innervate the large intestine is poorly understood. Recent evidence suggests that low-threshold, wide-dynamic-range rectal afferents play an important role in the detection and transmission of visceral pain induced by noxious colorectal distension in mice. However, it is not clear which classes of spinal afferents are activated during naturally occurring colonic motor patterns or during intense contractions of the gut smooth muscle. We developed an in vitro colorectum preparation to test how the major classes of rectal afferents are activated during spontaneous colonic migrating motor complex (CMMC) or pharmacologically induced contraction. During CMMCs, circular muscle contractions increased firing in low-threshold, wide-dynamic-range muscular afferents and muscular-mucosal afferents, which generated a mean firing rate of 1.53 Ϯ 0.23 Hz (n ϭ 8) under isotonic conditions and 2.52 Ϯ 0.36 Hz (n ϭ 17) under isometric conditions. These low-threshold rectal afferents were reliably activated by low levels of circumferential stretch induced by increases in length (1-2 mm) or load (1-3 g ). In a small proportion of cases (5 of 34 units), some low-threshold muscular and muscular-mucosal afferents decreased their firing rate during the peak of the CMMC contractions. Highthreshold afferents were never activated during spontaneous CMMC contractions or tonic contractions induced by bethanechol (100 M). High-threshold rectal afferents were only activated by intense levels of circumferential stretch (10 -20 g ). These results show that, in the rectal nerves of mice, low-threshold, wide-dynamic-range muscular and muscular-mucosal afferents are excited during contraction of the circular muscle that occurs during spontaneous CMMCs. No activation of high-threshold rectal afferents was detected during CMMCs or intense contractile activity in naïve mouse colorectum. visceral afferent; stretch; colorectum; pain SPINAL AFFERENT NEURONS INNERVATING visceral organs play a major role in transducing noxious stimuli that give rise to painful sensations (5, 8, 12, 14, 26, 27, 30) . In the mouse colon, five major classes of spinal afferent neuron have been recently characterized. These include serosal, mucosal, muscular, muscular-mucosal, and mesenteric afferents, each of which responds to specific modalities of stimuli that include mucosal stroking, probing, and circumferential stretch (1, 2, 30) . Spinal afferents to the large intestine originate in two major extrinsic nerve pathways, traveling via the lumbar splanchnic/colonic and pelvic/rectal nerves. Evidence suggests that the rectal/ pelvic nerve pathway plays the major role in transmission of pain following noxious distension of the terminal colon/rectum (14) . Selective lesions of the lumbar colonic or hypogastric nerves were without effect on the visceromotor responses (VMRs) evoked by noxious colorectal distension. However, selective lesions to rectal nerves abolished the VMRs, whether or not hypogastric or lumbar splanchnic afferents were severed (14) . This provided evidence that the detection of noxious colorectal distension in naïve animals is predominantly mediated via the rectal/pelvic nerve pathway to the spinal cord.
Further evidence that rectal afferents play a key role in pain processing from the colorectum was provided by recent studies in lethal spotted mutant mice in which the endothelin-3 (Edn-3) gene is dysfunctional (30) . Mice lacking Edn-3 did not respond to high-intensity colorectal distension, which reliably evoked potent VMRs in normal mice. Selective deficits were detected in the mechanosensitivity of low-threshold, wide-dynamicrange afferents, but there was little change in intramural high-threshold afferents (30) .
Spinal afferents to the gut can be strongly activated by distension or stretch of the colonic wall (2, 5, 12, 27, 30) . However, contraction of colonic smooth muscle can also potently activate spinal afferent nerve endings (15, 27) . Correspondingly, visceral pain in human patients has been associated with spasm of the gut wall (3). During spontaneous colonic motility, high-amplitude propagating contractions and colonic migrating motor complexes (CMMCs) occur under physiological conditions (7, 32) . These motor patterns are of particular interest, because in human patients with irritable bowel syndrome (IBS), an association has been demonstrated between bouts of abdominal pain and high-amplitude propagating contractions in the colon (3) . In a variety of mammals, including humans and laboratory animals, CMMCs (19 -21, 23 ) occur in vivo (9, 10) and in vitro (28) . CMMCs are neurogenic in origin (24, 25) , occur cyclically, and can propagate over large lengths of colon. They are generated by an intrinsic pacemaker/pattern generator within the myenteric plexus and/or muscularis externa, and they do not require the presence of the mucosa for cyclical activity (13, 31) . Whether motor activity underlying neurogenic CMMCs can activate spinal afferents is unknown. In this study, we have developed a preparation in which spontaneous CMMCs can be recorded at several points along the isolated whole mouse colon and rectum while the firing of different classes of spinal afferents is recorded under isotonic or isometric conditions.
METHODS
Extracellular afferent nerve recordings. Adult mice of either sex, 4 -6 mo of age (N ϭ 32 C57BL/6), were euthanized by inhalation of isoflurane (overdose) followed by cervical dislocation, as approved by the Animal Welfare Committee at Flinders University. A midline incision was made along the abdominal cavity, and the entire colon with attached pelvic ganglia and pelvic nerves was removed and placed in a petri dish containing cold Krebs solution (in mM: 118 NaCl, 4.75 KCl, 1.0 NaH 2PO4, 25 NaHCO3, 1.2 MgCl2, 2.5 CaCl2, and 11 glucose). An incision was made along the mesenteric border of the colon and rectum, and the preparation was mounted in one chamber of a two-compartment organ bath. The other chamber contained the rectal nerves, from which extracellular recordings were made (see below). The chamber containing the colorectum was perfused continuously at a flow rate of 3 ml/min with warm (36°C) oxygenated Krebs solution. The full-thickness flat-sheet colorectum preparations (N ϭ 24, 80 -90 mm long) were oriented with the mucosa uppermost. In some cases (N ϭ 8), only full-thickness [12 mm long ϫ 8 -9 mm wide ("short")] flat-sheet rectum preparations were studied, again with the mucosa uppermost.
Extracellular recordings were made from sensory axons in fine rectal nerve trunks entering the colorectum. Fine rectal nerve trunks, originating from the pelvic ganglia, were dissected free and pulled into a small compartment (ϳ1 ml volume) separated by a coverslip and silicon grease barrier (Ajax Chemicals). The small compartment was filled with paraffin oil, and differential extracellular recordings were made via platinum electrodes from the nerve trunks. Signals were amplified (DAM 80, World Precision Instruments) and recorded at 20 kHz with a MacLab 8sp (ADInstruments, Sydney, Australia) attached to an iMac G5 computer (Apple, Cupertino, CA) using LabChart 6 Pro software (ADInstruments). Single units were discriminated by amplitude and duration using Spike Histogram software.
Distension stimuli were performed under isotonic or isometric conditions applied to the rectal end of 80-to 90-mm-long preparations of colorectum under conditions of constant load (isotonic) in 7 preparations or constant length (isometric) in 17 preparations. A 12-mm array of hooks attached the rectum to an isotonic transducer (model 52-9511, Harvard Bioscience, S. Natick, MA). Increasing counterweights (0.5-40 g) could be applied to the rectum to distend the preparation isotonically, while changes in length in the circumferential axis were recorded. Some preparations (N ϭ 17) were also stretched under isometric conditions. The same 12-mm array of hooks connected the rectum to an isometric force transducer (DSC no. 46-1001-01, Kistler-Morse, Redmond, WA) mounted on a stepper motor-controlled actuator ("stretcher"). This microprocessor-controlled tissue stretcher delivered distension at 1,000 m/s over 1-5 mm, held for 10 -20 s, while intramural tension in the rectum was recorded. In some preparations, longer (4-min) stretches were applied using the stretcher. In all cases, contractile activity in the distal colon was recorded under isometric conditions at a site 20 -25 mm oral to the rectum (Fig. 1) . In some experiments, 3 M nicardipine was added to the Krebs solution to inhibit smooth muscle contractions.
Classification scheme to identify different classes of spinal afferents. The different classes of rectal afferents were distinguished using the following strategy. The preparation was stretched isotonically or isometrically, and stretch-sensitive single units (low-or high-threshold) were identified. Stretch-activated units were considered lowthreshold units if they were activated by low levels of circumferential stretch induced by 1-to 2-mm increase in length or by constant load of 1-3 g. Any units activated by a load of Ͼ10 g were considered high-threshold units (30) . When a low-threshold afferent was identified, the mucosa was stroked with light (10-mg) von Frey hairs to determine whether low-threshold, stretch-sensitive units belonged to the "muscular" or "muscular-mucosal" class of afferents (30) . Both of these classes had low thresholds to stretch and to von Frey probing and fired at high frequency to large stretches. Because these afferents typically fired an increasing discharge of action potentials to increasing degrees of stretch, muscular and muscular-mucosal afferents were grouped together as "low-threshold, wide-dynamic-range afferents."
Drugs and solutions. The Krebs solution was bubbled with 95% O 2-5% CO2. Ca 2ϩ -free Krebs solution contained 1 mM EDTA and 6 mM Mg 2ϩ . Capsaicin, bethanechol, nicardipine, and 1,1,-dimethylphenylpiperazinium (DMPP) were obtained from Sigma Chemical (St. Louis, MO).
Data analysis. Mean firing rate of afferent units was calculated during 3-5 s of spontaneous CMMCs or 5 s of maximum activation of units during bethanechol, DMPP, and capsaicin application. If the unit was spontaneously active, its spontaneous firing rate was subtracted from overall response evoked by CMMC contractions or drug application. Values are means Ϯ SE, with n referring to the number of units and N to the number of animals. The term "afferent" and "unit" are used interchangeably. Statistical analysis was performed by Student's two-tailed t-test for paired or unpaired data using Prism version 5 software (GraphPad, San Diego, CA). Differences were considered significant if P Ͻ 0.05. Fig. 1 . Diagrammatic representation of preparation used for recording from rectal afferents during spontaneous colonic migrating motor complexes (CMMCs). Full-length colorectum (ϳ90 mm) of mouse distal large intestine was used in most experiments. A stepper motor or counterweight was used to apply graded circumferential stretch to the rectum, and mechanical activity of the rectum and colon was recorded isometrically or isotonically. CM, circular muscle.
RESULTS
Three major classes of stretch-sensitive rectal afferents that innervate the mouse distal colon and rectum have been distinguished (2, 30) . They comprise low-threshold muscular-mucosal rectal afferents and low-threshold muscular afferents. The third class has higher mechanical thresholds and has previously been referred to as "serosal," on the basis that these afferents can be activated by stiff von Frey hairs applied to the gut wall (2). However, anatomic evidence suggests that their endings are, in fact, located on intramural blood vessels (22) , so we refer to them as "intramural high-threshold afferents." They respond only to very intense (10-to 20-g) circumferential stretch (30) . In the present study, we first identified the class to which each single discriminated afferent fiber belonged and then recorded its firing patterns during spontaneously occurring CMMCs and/or intense contractions induced by cholinergic agonists.
Spontaneous CMMCs and rectal afferents. Spontaneous CMMCs were regularly recorded from mouse colorectum.
They were associated with a maximal mean shortening of the circular muscle layer of 0.86 Ϯ 0.23 mm under isotonic conditions (N ϭ 7) or with an increase in force of 35.3 Ϯ 6.5 mN (N ϭ 14) for isometric recordings, respectively. As previously reported (23) , spontaneous CMMCs can propagate anally (from the proximal colon to the rectum) or orally (from the rectum to the proximal colon) (Figs. 2 and 4) .
We found that muscular and muscular-mucosal afferents were activated during CMMC contractions of the circular muscle and were pooled together because of the similarity of their responses. The majority of units recorded under isotonic (n ϭ 8 of 10, N ϭ 7) or isometric (n ϭ 17 of 24, N ϭ 12) conditions increased their firing during spontaneous CMMCs and low levels of circumferential stretch induced by constant load (1-3 g ) or an increase in length (1-2 mm). However, 9 of 34 low-threshold stretch-sensitive units (N ϭ 7) were not activated by spontaneously occurring CMMCs. Among these nine units, two of four were only activated by CMMCs after the preparations had been stretched by 1-3 mm for 4 min and the other two did not respond regardless of prior stretch. The remaining five units (3 under isometric conditions and 2 under isotonic conditions) ceased firing during CMMCs when imposed under maintained circumferential stretch evoked by the stretcher or load (Fig. 3) . High-threshold intramural afferents had a low level of spontaneous firing at 0.58 Ϯ 0.36 Hz (n ϭ 7, N ϭ 6). In five of these seven spontaneously active units (N ϭ 4 of 6), spontaneous CMMCs were recorded, and these high-threshold afferents showed no increase in firing during CMMCs. In the remaining two units from two animals, spontaneous CMMCs were not recorded, so their firing characteristics during CMMCs could not be ascertained.
Bethanechol-induced contractions and rectal afferents. Since only low-threshold afferents were activated during spontaneous CMMCs, we were particularly interested in whether high-threshold afferents could be activated during intense contraction of the colorectum induced by a cholinergic agonist. We tested the responses of rectal afferents to the muscarinic cholinergic agonist bethanechol under isotonic and isometric recording conditions. Under isotonic conditions, bethanechol (100 M for 2 min) evoked significant tonic shortening of the preparations (N ϭ 8) with superimposed CMMCs (isotonic contractions of 2.68 Ϯ 0.32 mm, N ϭ 8). This was associated with activation of low-threshold afferents in all cases, evoking firing at 2.09 Ϯ 0.40 Hz (n ϭ 10, N ϭ 8; Fig. 4) . Under isometric conditions, bethanechol (100 M) evoked a significant increase in tone, with superimposed CMMCs (maximum mean force 117 Ϯ 11.1 mN, N ϭ 5) associated with more intense (than under isotonic condition) firing of low-threshold mechanoreceptors at 7.85 Ϯ 2.55 Hz (n ϭ 7, N ϭ 5, P Ͻ 0.05, unpaired t-test; Fig. 5) .
Interestingly, high-threshold intramural afferents (n ϭ 6, N ϭ 5) were not activated during bethanechol-induced contractions. These afferents showed spontaneous firing at 0.68 Ϯ 0.40 Hz at rest and 0.69 Ϯ 0.41 Hz in the presence of bethanechol (n ϭ 6, N ϭ 5; Fig. 5 ). These observations imply that intramural high-threshold mechanoreceptors may not express muscarinic receptors on their peripheral axons. In one preparation, bethanechol (100 M) evoked a powerful contraction (154 mN) that transiently activated an intramural highthreshold unit (maximum firing of 2.8 Hz). However, this unit was not sensitive to capsaicin (3 M), unlike most intramural, high-threshold units, which were potently activated by capsaicin firing at 7.67 Ϯ 2.17 Hz (n ϭ 7, N ϭ 7).
DMPP-induced activation of low threshold rectal afferents. It has previously been shown that intestinofugal neurons, which project in rectal and colonic nerves from the gut to sympathetic preverterbal ganglia, actually decrease their firing when the circular muscle contracted and shortened (16, 18) . These neurons receive fast excitatory postsynaptic potentials due to nicotinic receptor activation on their cell bodies (4). Fig. 3 . Firing of low-threshold, stretch-sensitive, wide-dynamic-range unit is inhibited during CMMC contraction generated during sustained stretch of mouse colorectum. A: low-threshold muscular-mucosal unit is not activated by spontaneous CMMCs. B: a 3-mm isometric circumferential stretch (maintained for 4 min) activated the unit shown in A. During this constant stretch, CMMCs were associated with a reduction in firing of this unit. C: 7 superimposed spikes of the muscular-mucosal unit discriminated in A and B.
Since we have found that a small proportion of rectal afferents also decreased their firing during spontaneous contractions associated with CMMCs, we were interested in whether these low-threshold rectal afferents could be activated by nicotinicselective agonists, such as DMPP. We recorded from lowthreshold mechanoreceptors, identified by their response to circumferential stretch in paralyzed preparations of colorectum, by superfusing nicardipine (3 M) for 45-60 min. Once the spontaneous contractile activity had ceased, DMPP was applied to the organ bath (30 -100 M) for 10 s. DMPP evoked immediate activation of low-threshold mechanoreceptors (mean firing 7.93 Ϯ 1.10 Hz, n ϭ 9, N ϭ 6; Fig. 6 ). By using Ca 2ϩ -free Krebs solution, we tested further whether this effect of DMPP may be due to direct stimulation of nicotinic receptors on afferent endings or a release of excitatory transmitters/ modulators from intrinsic neurons. Overall, the effect of DMPP was reduced from 8.03 Ϯ 1.33 Hz (n ϭ 7, N ϭ 4) to 4.77 Ϯ 1.70 Hz (n ϭ 7, N ϭ 4), albeit this did not reach statistical significance (P ϭ 0.13, paired t-test). The relatively big standard error in these experiments was due to the presence of two groups: in one group, the effect of DMPP was unaffected by Ca 2ϩ -free solution (9.20 Ϯ 2.46 vs. 9.47 Ϯ 0.74 Hz, n ϭ 3, N ϭ 3, P ϭ NS), while in the second group, DMPP-induced firing was significantly reduced (7.20 Ϯ 1.61 Hz vs. 1.25 Ϯ 0.32 Hz, n ϭ 4, N ϭ 4, P Ͻ 0.05, paired t-test) but was never completely abolished. These data imply that excitatory nicotinic receptors may lie at least on a subgroup of low-threshold rectal afferents. Some intramural high-threshold units (n ϭ 3 of 5, N ϭ 5) were also activated by the nicotinic agonist DMPP (30 M for 10 s). These afferents fired at 9.2 Ϯ 5.3 Hz (n ϭ 3, N ϭ 3), and this persisted in 3 M nicardipine when contraction was abolished, suggesting that high-threshold afferents may also express nicotinic receptors.
DISCUSSION
The aim of the current study was to characterize the firing patterns of the three classes of rectal afferents that innervate the mouse colorectum during spontaneously occurring CMMCs. The major finding of this study is that the majority of lowthreshold muscular and muscular-mucosal afferents readily fired bursts of action potentials during many, but not all, CMMC contractions. In contrast, intramural high-threshold afferents were not activated during spontaneous CMMCs. Even when the colon was exposed to high concentrations of bethanechol, which induced maximal contraction of the musculature, intramural high-threshold afferents were rarely activated. In contrast, low-threshold afferents were potently excited by the contraction of the musculature induced by bethanechol. Fig. 4 . Low-threshold, stretch-sensitive muscular afferent is activated by spontaneous CMMC contractions of the circular muscle and contractions evoked by application of bethanechol. A: muscular unit activated during spontaneous CMMCs propagated from colon to rectum (isotonic and isometric recordings in rectum and colon, respectively). B: application of bethanechol (100 M) evoked strong contractions in the rectum and colon followed by activation of muscular unit 1. C: 7 superimposed spikes of muscular unit 1 discriminated in A and B. An upward deflection in length traces indicates a decrease in length of the colorectum.
Firing patterns of low-and high-threshold rectal afferents.
In our previous study conducted in the presence of 3 M nicardipine (30), two very different types of stretch-sensitive spinal afferents were identified: 1) low-threshold mechanically sensitive units (which comprised muscular and muscular-mucosal afferent classes) and 2) high-threshold (serosal) units. We found that low-threshold units had a mean threshold to stretch of ϳ1.8 g and threshold to von Frey hair probing of ϳ50 mg. These afferents fired, on average, at ϳ13 Hz in response to 30-g stretch. In contrast, high-threshold units had a mean threshold to distension of ϳ16 g, threshold to von Frey hair probing of ϳ210 mg, and much lower firing to stretch (on average, at ϳ1.3 Hz in response to 30-g stretch). Identification of low-threshold muscular and muscular-mucosal rectal afferents was assisted by the fact that, in most cases, they have characteristically short-duration and large-amplitude action potentials (30) . These two classes probably play important roles in the detection of noxious distension of the rectum. In ls/ls mice, which lack Edn-3, rectal distension, at levels that are normally noxious, fails to evoke visceromotor responses. This is not due to a general deficit, because responses to noxious bladder distension were preserved (30) . In these mutant mice, both classes of low-threshold mechanoreceptors had significantly impaired mechanosensitivity (30) , while intramural high-threshold mechanoreceptors were much less affected. In the present study, low-threshold muscular and muscular-mu- Fig. 5 . Low-threshold, but not high-threshold, unit is activated by circumferential stretch and application of bethanechol in the mouse rectum. A: in short preparation (mouse rectum), isometric stretch of 3 mm maintained for 10 s activated a low-threshold, stretch-sensitive afferent (unit 1), but not an intramural high-threshold afferent (unit 2). B: application of bethanechol (100 M for 2 min) evoked contraction of the mouse rectum followed by activation of a low-threshold, stretch-sensitive afferent (unit 1), but not an intramural high-threshold afferent (unit 2). C: 7 superimposed spikes of lowthreshold, stretch-sensitive unit 1 and intramural highthreshold, capsaicin-sensitive unit 2 discriminated in A and B.
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cosal units were activated during many CMMC contractions. However, even in these classes, some individual CMMC contraction did not evoke firing. We suggest that this probably occurs because transducers average contractions over several millimeters of tissue, whereas afferents are only activated if their restricted receptive field is distorted (15) .
Intramural high-threshold afferents were activated by intense circumferential stretch and usually by capsaicin. This class of afferent had steady spontaneous firing at ϳ0.6 Hz. The characteristic long duration and small amplitude of their action potentials also assisted identification (30) . These afferents were never activated by CMMC contractions or by intense contractions evoked by bethanechol. The extent to which intramural high-threshold afferents contribute to sensation from the rectum under normal "physiological" conditions is uncertain. In a previous study, at extreme levels of intraluminal distension (evoked by a 40-g load), intramural high-threshold afferents were significantly activated but still contributed Ͻ5% of the afferent traffic from the rectum (30) . However, high-threshold intramural afferents can be modulated by inflammation and by the postinflammatory state (11, 12) , suggesting that they may be involved in some pathophysiological circumstances.
What is the functional role of spinal afferent activation during spontaneous CMMCs? The functional significance of the activation of low-threshold, wide-dynamic-range spinal afferents during CMMCs is not clear. It is likely that these neurons activate spinal pathways, including those involved in defecatory motor behavior (29) . If comparable spinal afferents are similarly activated by low-intensity motility in the human colon, this could be the basis of the sense of urgency that accompanies rectal filling. During inflammation in mouse colorectum, high-and low-threshold afferents have been reported to become sensitized (11, 12) . This suggests that alterations in sensation in inflammatory bowel disease may be due to recruitment of low-or high-threshold afferents. Evidence has been presented that low-threshold (6) and high-threshold (11, 12) afferents increase their sensitivity in postinflammatory states, a potential mechanism contributing to the pathogenesis of postinfectious IBS. In addition, inflammation also modifies motility, for example, IBS patients have a higher incidence of high-amplitude propagating contractions (3). The influence of sensitized low-and high-threshold afferents and disturbed motility could contribute to the generation of symptoms in functional bowel diseases and in inflammatory bowel disorders.
Inhibition of spinal afferents during spontaneous CMMCs. In a small number of low-threshold units, the action potential firing frequency actually decreased during many, but not all, CMMC contractions (Fig. 3) . This inhibition was only seen when the circular muscle was maintained under continuous circumferential stretch (under isotonic or isometric conditions) and never when the colorectum was slack. It is possible that some of these units may have corresponded to enteric intestinofugal neurons, which also project in rectal nerves. It has previously been reported that, during spontaneous cyclical contractions of the isolated mouse colon, intestinofugal neurons were activated by filling of the colon with fluid, but firing of these neurons decreased when the circular muscle contracted and shortened (16, 18) . One difference between spinal afferents and intestinofugal afferents is that the latter are only activated by circumferential stretch (17) , whereas spinal afferents are activated by circumferential and longitudinal stretch (15) . It is also possible that some low-threshold mechanoreceptors were tonically activated by maintained stretch but were mechanically unloaded by propagating CMMCs in areas that did not contract, as reported previously for guinea pig low-threshold rectal mechanoreceptors (15) .
Conclusion. The current study shows that muscular and muscular-mucosal spinal afferents in the rectal nerves are excited during contraction of the circular muscle associated with cyclical CMMCs. Both of these classes of afferents are low-threshold, wide-dynamic-range mechanoreceptors. In contrast, intramural high-threshold afferents (often called "serosal afferents") were not activated by spontaneous CMMCs or by maximal contractions induced by bethanechol. While the functional role of intramural high-threshold afferents is unclear, they may be activated by some colonic motor patterns under conditions of inflammatory bowel disease or visceral hypersensitivity.
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